order to characterize its fluorescence properties and to elucidate its pathways of nonradiative decay.
7-Azaindole has undergone considerable study in nonpolar solvents (6,9-13). Kasha and coworkers (9) discovered that 7-azaindole can form dimers that undergo excited-state tautomerization (Figure la) .
It has also been demonstrated that excited-state tautomerization occurs for 7-azaindole in alcohols (6,11-13). In alcohols the fluorescence spectrum of 7-azaindole is bimodal. In methanol, for example, the maximum of the higher energy band is at 374 nm and that of the lower-energy band is at 505 nm. The former band arises from the so-called "normal" species that decays into the latter band by double-proton transfer. In alcohols, the tautomerization or double-proton transfer reaction has been traditionally depicted (Figure lb) as being mediated by one solvent molecule, which forms a cyclic complex with the solute. In water, on the other hand, significantly different behavior is observed as illustrated by the fluorescence emission with a single maximum at 386 nm and the singleexponential fluorescence decay when emission is collected with a wide bandpass, 910 ps (4-6).
The aims of this article are to investigate the apparent difference between alcohols and water on the excited-state reactivity of 7-azaindole and to obtain more detailed information on the nature of the tautomerization process. The 910 ps component that is resolved for k cm ^ 450 nm or when emission is collected over the entire band is attributed to the majority of the 7-azaindole molecules that are not capable of excited-state tautomerization because they exist in a "blocked" state of solvation (Figure lc) . This assignment will be described in more detail below.
Solvation of 7-Azaindole in Water
When k cm £ 505 nm, the fluorescence decay can be fit to the form F(t) = -0.69 exp(-t/70 ps) + 1.69 exp(-t/980 ps). The long-lived component is observed to lengthen from 910 to 980 ps. This lengthening of the lifetime at long emission wavelengths was reported earlier (6), but no significance was drawn to it. If the rise time of the fluorescence emission can be attributed to the 
Comparison of 7-Azaindole in Water and Alcohols
At ambient temperature, the fluorescence decay of the normal band of 7-azaindole (commercially-available or purified) in alcohols can always be fit well by a single exponential plus a small amount of longer-lived component. apply them directly to our problem, we must assume that the φ κ are identical in the excited state. We have considered this possibility elsewhere (8) .)
The downward bulging curve for 7-azaindole in methanol (and in ethanol (8) Furthermore, a plot of (kn/kj* vs η does not yield a straight line, which is inconsistent with a concerted two-proton process as observed in the alcohols.
Wang et al. observed essentially identical behavior in ribonuclease (14). In this enzyme there is an isomerization between two of its conformations that are characterized by pK a >8 and pK a =6.1. These workers measured a solvent isotope effect of 4.7 ±0.4. Their proton inventory measurements were best described by the relation ^/K ~ (l-n+0.46n) (l-n+0.69n) 2 . They assigned the rate-limiting step in this isomerization to proton transfer to a water molecule from the protonated imidazole group of a histidine (14). Within experimental error, the proton inventory rate parameters for 7-azaindole in water are identical to those for the isomerization of ribonuclease. In both cases, the shuttling of a proton from nitrogen to a water molecule is proposed to be the rate-determining step.
A fundamental assumption made in deriving the Gross-Butler equation is that the rate of H/D exchange between the solute and the solvent is significantly greater than the rate of proton transfer being investigated. In other words, the decay of the entire reactant population must be characterized by a rate Figure 4 , one of the most important of these requirements is that for the concerted double-proton transfer, the secondary isotope effect at the N 7 (or N t ) site is equal to the primary isotope effect at the N t (or N 7 ) site. We shall also see that in order for this relationship to be satisfied, the reaction must be "symmetric"; that is, the rate constants for the decay of the intermediate Β (or C) to A and D must be equal.
This relationship is very restrictive and demands that many requirements be satisfied (8,16). For the examples illustrated in
The significance of the rule of the geometric mean is that if there is a concerted reaction, both protons must be coworkers (19) have performed detailed investigations of the deuterium isotope effect on the photophysics of tryptophan, indole, and some of their derivatives. They have proposed at least six different mechanisms to explain the isotope effect ranging from photoionization, hydride transfer from the NH, proton transfer from the solvent to the ring, solvent mediated NH exchange, tautomerization resulting in NH abstraction, and exciplex formation. We propose that the isotope effect observed in indole derivatives can be rationalized by the same mechanism that we illustrate for 7-azaindole in Figure Id . We suggest that in indole this process is much less efficient because there is no N 7 nitrogen coordinated with a solvent proton. Such an interaction could establish a partial positive charge on N 7 that would help to stabilize the negative charge generated on N t .
The Origin of the Isotope Effect. Finally we must comment on the origin of the isotope effect. In large part because of the rapid (1.4 ps) tautomerization observed in dimers of 7-azaindole (10), the tautomerization of dilute solutions of 7-azaindole in alcohols has been discussed in terms of a two-step process (11-13). The first step involves obtaining the correct solvation of the solute by the alcohol; the second step, double-proton transfer. The interpretation of our isotopic substitution experiments depends on whether the two-step model is appropriate and, if it is, whether the solvation step is slow, fast, or comparable to tautomerization. If the rate-limiting step in the double-proton transfer reaction is the formation of the cyclic complex, then the isotope effects we discuss above require reinterpretation. Additional experimental and theoretical work is necessary in order to answer this question definitively. For the moment, we suggest that if solvation were the rate-limiting step in the excited-state tautomerization of 7-azaindole in alcohols, it would be extremely fortuitous that the rule of the geometric mean holds (Table I) Chapman and Maroncelli have studied 7-azaindole fluorescence in water and in mixtures of water and diethyl ether (22) . They too observe longwavelength, tautomer-like emission at low water concentrations. In pure water they also observe a rapid rise time at long wavelengths. They, however, take a different point of view, namely that excited-state tautomerization occurs for the entire 7-azaindole population in pure water and that the 7-azaindole fluorescence lifetime is dominated by this reaction. Using a two-state kinetic model in conjunction with steady-state spectral data they conclude that the rapid rise time is associated with the nonradiative decay rate of the tautomer. They propose that the longer, ~ 900 ps, decay time of the entire emission band is a measure of the tautomerization rate. Their scheme requires that the nonradiative decay rate of the tautomer is greater than the rate of tautomerization. They estimate that the rate of tautomerization is 1.2 χ 10 9 s" The majority of the 7-azaindole molecules are solvated in such a fashion that tautomerization is blocked. More than 10 ns (4) are required to achieve a state of solvation that facilitates tautomerization, that is, to convert the "blocked" species into a "normal" species.
No significant emission intensity is observed for 7-azaindole in water at 510 nm because so little tautomer is produced and because the tautomer that is produced is rapidly protonated and has an emission maximum at ~ 440 nm.
Most importantly these results clarify the photophysics of 7-azaindole for use as the intrinsic chromophore of the probe molecule, 7-azatryptophan. In particular, the minor amount of tautomerization will contribute to the decay kinetics only if emission is collected at wavelengths red of 505 nm or with a relatively narrow spectral bandpass (with adequate temporal resolution). This is not a serious restriction since experiments are not likely to be performed with such spectral resolution owing to the low fluorescence intensity. When emission is collected over a large spectral region and on a full-scale time base coarser than 3 ns, the tautomerization reaction is imperceptible. On the other hand, the appearance of long-wavelength emission of a protein containing 7-azatryptophan in water would definitely signal a change of environment that facilitates tautomerization.
By analogy with the types of solvation possible in water, we propose that the long-lived fluorescence decay component observed for 7-azaindole in alcohols can be understood by attributing it to a "blocked" form of solvation. 
